Hydroxyapatite ceramics have been fabricated by microwave sintering in a 500 W microwave oven. Circular-plate specimens of various green densities were sintered in the oven at 1200 and 1300 °C, for 5, 10, and 20 min, respectively. Ceramics with density up to 97% of the theoretical were obtained. Density, grain size, microstructure, and strength of the ceramics sintered by microwave and by conventional methods were compared. The results show that microwave sintering of hydroxyapatite is not only highly efficient in saving time and energy, but can also improve the microstructure and thus enhance mechanical strength of the ceramics.
I. INTRODUCTION
That the microwave-transparent ceramics such as A12O3 and SiO2 could be melted and sintered by a microwave field was a surprising finding. Using gels of such materials, Roy, Komarneni, and Yang1-2 first showed that extraordinary rates of temperature increase (hundreds of degrees per min) could be attained by microwave heating of such materials. Since then, microwave processing has become a new technique to sinter ceramics. In microwave sintering, heat is generated within the materials instead of being transferred from outside as in conventional sintering. Sutton3 has shown how microwave sintering is a volumetric heating process and, thus, makes it possible to reduce or minimize thermal gradients inside the materials being processed. This fundamental feature of microwave processing offers one a unique technique to process a variety of materials (especially those which are difficult to process by conventional methods), to save energy and time, and to obtain improved physical or mechanical properties. Microwave sintering is very promising and seems far more powerful than previously expected. However, this technique is still in an early or exploratory stage of development. In this case, we have studied a new composition involving P2O5, i.e., hydroxyapatite (HAp) [Ca10(PO4)6(OH)2], a material that has been investigated for years for biomedical applications.
II. EXPERIMENTAL

A. Material
HAp powder was prepared by the hydrolysis of brushite, CaHPO4 • 2H2O (J.T. Baker Chemical Co., Phillipsburg, NJ), followed by a ripening process4 with 60 wt. % CaCl2 • 2H2O (Mallinckrodt, Inc., Paris, KY) of the HAp being ripened. The ripened HAp was dried at 90 °C in a ventilated oven and then ground to -325 mesh followed by firing at 500 °C for 24 h before pellet compaction. The BET surface area of this powder was found to be 47.4 m2/g. Powder x-ray diffraction (XRD) by a Scintag diffractometer (Scintag Inc., Sunnyvale, CA) confirmed that the material was pure HAp of low crystallinity. With no binder, pellets of 12.7 mm (0.5 in.) diameter were made at uniaxial pressures from 35 to 351 MPa to get various green densities. Two 19.05 mm (3/4 in.) diameter pellets, on which the patterns of a dime were pressed, were used to test the uniformity of shrinkage during microwave sintering.
B. Setup
A 500 W, 2.45 GHz commercial microwave oven (Model JE43, GE Co.) was used for the sintering experiments. The arrangements inside the oven are schematically shown in Fig. 1 . Samples were stacked in layers at the center of a vertically placed porous zirconia cylinder (Zircar Products, Inc., Florida, NY) (28 mm ID, 51 mm OD, and 30 mm in height), which was placed on a thick Fiberfrax (Fiberfrax, Harbinson-Carborundum Corp., Niagara Falls, NY) cushion, and then covered all around with a layer of Fiberfrax thermal insulation fibers.
C. Temperature measurement
An alumina-sheathed, Pt foil-shielded, tip-open PtPtlORh thermocouple was inserted from the left wall of the oven to monitor the temperature of the samples during sintering. The thermocouple was so arranged that the tip was only about 2 mm away from the surface of a sample.
The microwave interference with the temperature measurement was usually noticed at low temperatures, but once coupling had started (i.e., zirconia and specimens began to absorb microwave effectively) the temperature readings got stable. In the former case, the temperature readings were recorded by momentarily switching off the power supply to the microwave oven. The response time was less than 3 s.
Tricalcium phosphate (TCP), Ca3(PO4)2, was used to evaluate the validity and accuracy of the thermocoupletemperature-measurement method used in the current microwave experiments. TCP exists in two crystalline forms: a-TCP (high-temperature form) and /3-TCP (low-temperature form). The transition of /3-TCP to a-TCP starts at about 1125 °C and the process is sluggish. /3-TCP will transform completely to a-TCP if the temperature is sufficiently greater than 1125 °C or if kept above the transition temperature for a sufficiently long time. Although a-TCP is a high-temperature form, it can also metastably exist at room temperature even in regularly cooled samples. Therefore, by comparing the relative amounts of TCP phases in the sample of /3-TCP heat-treated by conventional and microwave methods at temperatures around the transition temperature, an accurate temperature of microwave-heated samples can be determined indirectly.
For this purpose, the following experiments were conducted. Three pellets of lab-synthesized /3-TCP were stacked one over another inside the porous zirconia cylinder in the microwave setup, with the thermocouple located at a distance of about 2 mm from the pellet in the middle (Fig. 2) . The rest of the arrangement was identical to that used for HAp sintering. The samples were heated by microwave irradiation at 1125 ± 10 CC for 15 min, then cooled to room temperature. Another set of three pellets was sintered (one pellet per run) in a conventional furnace for 15 min at 1100, 1125, and 1150 °C, respectively, then air-quenched to room temperature. XRD was carried out on all samples sintered by these methods for phase identification.
D. Sintering
Six multisample runs (six HAp pellets with green densities ranging from 32.6 to 51.4%, stacked in two layers in each run) of microwave processing were carried out for 5, 10, and 20 min at 1200 and 1300 °C, respectively. The two pellets with the dime-patterns were microwave sintered at 1200 °C for 7 min to check the uniformity of shrinkage. During the sintering, the microwave oven was set at the full power level (500 W output), and the temperature was controlled manually by on-and-off operations of the power supply. After each run, the system was allowed to cool naturally to room temperature. For comparison, conventional sintering of the same material was also carried out at the same temperatures (2 h soaking at each sintering temperature, with heating and cooling rates of 5 °C per min) in a 5 kW programmable box furnace (Model 51524, Lindberg, Watertown, WI).
E. Characterization
Density, grain size, microstructure, and strength of the sintered pellets were studied. Density was determined by direct measurement of the geometric size and weight of the specimens. Grain size was measured on the micrographs of the as-sintered surfaces. Microstructure was examined on the fracture surfaces with the scanning electron microscope (SEM) (SEM, ISI 130, Akashi Beam Technology Corp.) Phase compositions were identified by XRD. The tensile strength was measured by the diametral-compression test5 in a MTS810 (Material Test System, MTS System Corp., Minneapolis, MN) with a crosshead speed of 0.051 mm (0.002 in.) per min.
RESULTS AND DISCUSSION
A. Temperature measurement Figure 3 shows the XRD patterns of six TCP samples processed in this study. As can be seen, conventionally, the sample sintered at 1100 °C remained pure /3-TCP [ Fig. 3(a)l] ; a-TCP appeared as a minor phase at 1125 °C [ Fig. 3(a) 2] and as a major phase at 1150 °C [ Fig. 3(a)3] . These results indicate that in conventional heating, the phase transition from fi-to a-TCP started at about 1125 °C when soaked for 15 min, and substantially transformed at 1150 °C. In contrast, in the case of microwave processing at 1125 ± 10 °C, the pellet located at the bottom of the stack remained /3-TCP [ Fig. 3(b) l], the middle pellet contained only a trace amount of a-TCP, and /3-TCP was still the major phase in the top pellet [ Fig. 3(b)3] . Table I lists the intensity ratio (using intensity of d = 2.909 A for a-TCP, and d = 2.880 A for /3-TCP) of the characteristic reflections in the XRD patterns. As can be seen, the middle pellet sintered by microwave at 1125 ± 10 °C is comparable in the a//3 intensity ratio to that of the sample conventionally sintered at 1125 °C, while the top pellet shows a higher a//3 ratio than the one conventionally sintered at 1125 °C, but obviously much lower than that sintered at 1150 °C. The bottom pellet was the same as conventionally sintered at 1100 °C (no trace of a-TCP). Considering the temperature deviation of ±10 °C in the microwave sintering, the measured temperature (on the middle pellet) was in excellent agreement with the expected value. Thus, the validity and accuracy of the temperature measurement with the thermocouple in the current microwave processing is confirmed. Figure 4 shows the temperature-time curves of the six sets of HAp specimens sintered by microwave processing. The run at 1200 °C for 5 min was irregular; therefore, the results of this run are not included here. As can be seen, each curve has three parts, corresponding to three stages: heating, soaking, and cooling. The sharp temperature increase in the heating curve is characterized by the phenomenon of thermal runaway. It is well known that zirconia is a microwave absorber, so that the zirconia cylinder played a dual role during the microwave heating: (i) a thermal insulator and (ii) a preheater. Furthermore, since the amount of HAp (less than 6 g per run) used in the sintering was much less than zirconia (about 20 g), it is proposed that the zirconia cylinder triggered thermal runaway. To confirm this, and to determine the role of Fiberfrax insulation, two blank tests were carried out. With only the Fiberfrax (no sample or zirconia cylinder), temperature rose only to 369 °C after a 60 min irradiation, while thermal runaway was noticed at 21 min in a test with both the Fiberfrax and the zirconia cylinder. This confirms that only the zirconia cylinder played a key role in triggering thermal runaway in the current microwave sintering. At low temperature, HAp absorbed little microwave and was heated up by the zirconia which was first heated up by microwave energy. When temperature was sufficiently high, both zirconia and HAp would absorb microwave more efficiently; thus, the sintering of the HAp samples was a complex result of both direct and indirect microwave heating.
B. Sintering process
C. Uniformity
Although having experienced high-rate heating (thermal runaway) and cooling (in the first few min of cooling the cooling rate was high), the HAp pellets did not show any cracks after microwave sintering. As shown in Fig. 5 , all the details of the coin-patterns have been uniformly reduced on the sintered HAp pellets after 7 min microwave sintering at 1200 °C. This indicates that under proper conditions microwave sintering will not introduce any distortion in the shape of the specimens. The uniform shrinkage should be attributed to the volumetric heating, good thermal insulation, and the small size of the specimens. Figure 6 shows the relative densities of the 10 min microwave sintered pellets versus the corresponding green densities. The values of the conventionally sintered pellets were also plotted in the same graph for comparison. It can be seen that at the same temperature, higher densities were achieved in the microwave sintered pellets, and this is more obvious when green density was high (typically over 45%). Generally, the densification of ceramics in a solid-state sintering is a process of shrinkage of the compact or decrease of porosity. Although quite a few mass transfer processes take place simultaneously during sintering, "only transfer of matter from the particle volume or from the grain boundary between particles causes shrinkage and pore elimination",6 so that it can be suggested that grain boundary diffusion between the HAp particles was substantially enhanced during the microwave sintering. The grain boundary diffusion can effectively take place only after the particles are necked (in contact) and at a sufficient temperature (to overcome the energy barrier). In the pellets of low green density, the number of contacting points is limited. As the green density increases, the number of particles in contact correspondingly increases so that sintered density also increases in both microwave and conventional sintering (Fig. 6 ), but the increase in the microwave sintered samples is more obvious than that in the conventionally sintered samples. Since the microwave sintering took a much shorter time (<10% of the time of the conventional sintering), it can be further suggested that the densification rate (through boundary diffusion) in the microwave sintering process was much higher than in the conventional sintering. The volumetric heating in the microwave sintering is a consequence of a series of losses. The principles of microwave sintering have been reviewed by Sutton.3 When microwaves penetrate and propagate through a dielectric material, the internal fields generated within the affected volume induce translational motions of free and bound charges and rotate charge complexes such as dipoles. The resistance of these induced motions due to inertial, elastic, and frictional forces, causes losses and attenuates the electric field. As a consequence of these losses, volumetric heating results. These principles should be applicable to the microwave sintering of HAp also. In particular, the hydroxyl in the HAp structure might have played an important role in causing losses and enhancing densification in the microwave sintering of HAp. Figure 7 shows the SEM photographs of the assintered surfaces of some pellets. The morphology difference in the HAp pellets sintered at 1200 °C can be clearly seen. Compared with the conventionally sintered sample (a) in which the entire area of the as-sintered surface is rough and uneven, the grains are angular with boundaries shown by the straight lines; the microwave sintered ones (b, d) show unique features: the entire area looks flat and smooth. Since the driving force for the densification of solid-phase sintering is the decrease in surface area and the lowering of the surface free energy by the elimination of solid-vapor interfaces,7 the rough and uneven as-sintered surfaces correspond to a higher residual surface area and imply a lesser degree of sintering. Table II shows a comparison between the average grain size of the microwave sintered and the conventionally sintered HAp samples. The grain size of the 1200 °C conventionally sintered pellets is close to that of microwave sintered one at the same temperature. For the pellets sintered at 1300 °C, the grain size of both microwave and conventionally sintered samples increased substantially, but the grains in conventionally sintered sample were much larger. In addition, the abnormal grain growth was pronounced in the conventionally sintered pellet, but was less obvious in the microwave sintered one. The relatively suppressed grain growth is attributed to the shorter sintering time and a more effective densification process during microwave sintering. A few SEM photographs of the fracture surfaces are shown in Fig. 8 . The lower total porosity and finer pore size are obvious in the HAp sintered by microwave at 1200 °C [ Fig. 8(b) ] compared with that conventionally sintered at the same temperature [ Fig. 8(a) sintered surface [ Fig. 7(d) ], which are believed to be a-TCP produced by a partial decomposition of HAp. XRD analysis on the sintered samples confirmed the existence of a-TCP as a minor phase, but, still, HAp was the major. To prevent the decomposition of HAp, either lower processing temperature should be used or some special precautions should be taken. Sintering under special atmosphere or using HAp of high thermal stability are the examples of the latter.
D. Sintered density
E. Grain size and microstructure
G. Mechanical strength
Figure 9(a) shows the diametral tensile strength against the sintered density of the HAp ceramics, regardless of the sintering time and temperature. The data for both the microwave and conventionally sintered HAp seem to follow the same density-strength relation. The diametral tensile strength of the pellets sintered at 1200 °C was plotted against the green density in Fig. 9(b) . In this figure, it can be seen that starting with the same green density, a microwavesintered pellet showed a higher strength than the conventionally sintered one: 10 min microwave sintering achieved higher strength [ Fig. 9(b) , 2] than the 2 h conventional sintering [ Fig. 9(b), 3] , and the pellets by the 20 min microwave sintering led to even higher strength [ Fig. 9(b) , 1]. Comparing with Fig. 9(a) , it is clear that the enhanced mechanical strength in the microwave sintered HAp ceramics should be attributed to the higher density achieved by that process.
H. Energy consumption
In addition to the denser microstructure, finer microstructure, smaller grain size, and the improved mechanical strength, the economic issue of microwave sintering in terms of both time and energy is very important. Figure 10 compares the temperature-time profiles between microwave and conventional sintering. Taking a typical run at 1200 °C for 10 min with a 500 W microwave oven, for example, the microwave sintering process consumed energy only in the heating and soaking periods, which was about 0.5 h in total, while the conventional sintering process required 10 h (it consumed energy in the cooling cycle also) and a furnace with a minimum of 1 kW power (although a 5 kW furnace was used in the current study). Thus, microwave sintering requires only about 5% of the time and even less energy than in the conventional process. 
IV. CONCLUSIONS
HAp ceramics have been sintered by microwave heating. The results show that HAp pellets of certain green density can be sintered by microwave irradiation to high densities within a short period of time. In contrast to conventional method, microwave sintering of hydroxyapatite consumed much less energy, offered apparently denser microstructure, finer grain size, and consequently, improved mechanical strength. Technically, if a microwave oven is adjustable in both power and frequency, with a combined feedback temperature controlling system, the efficiency of the process should be even higher.
